Background: Dietary glucose consumption has increased worldwide. Long-term high glucose intake contributes to the development of obesity and type 2 diabetes mellitus (T2DM). Obese people tend to eat glucose-containing foods, which can lead to an addiction to glucose, increased glucose levels in the blood and intestine lumen, and exposure of intestinal enterocytes to high dietary glucose. Recent studies have documented a role for enterocytes in glucose sensing. However, the molecular and genetic relationship between high glucose levels and intestinal enterocytes has not been determined. We aimed to identify relevant target genes and molecular pathways regulated by high glucose in a well-established in vitro epithelial cell culture model of the human intestinal system (Caco-2 cells). Methods: Cells were grown in a medium containing 5.5 and 25 mM glucose in a bicameral culture system for 21 days to mimic the human intestine. Transepithelial electrical resistance was used to control monolayer formation and polarization of the cells. Total RNA was isolated, and genome-wide mRNA expression profiles were determined. Molecular pathways were analyzed using the DAVID bioinformatics program. Gene expression levels were confirmed by quantitative reverse transcription polymerase chain reaction (RT-qPCR). Results: Microarray gene expression data demonstrated that 679 genes (297 upregulated, 382 downregulated) were affected by high glucose treatment. Bioinformatics analysis indicated that intracellular protein export (p = 0.0069) and ubiquitin-mediated proteolysis (p = 0.024) pathways were induced, whereas glycolysis/gluconeogenesis (p < 0.0001), pentose phosphate (p = 0.0043), and fructose-mannose metabolism (p = 0.013) pathways were downregulated, in response to high glucose. Microarray analysis of gene expression showed that high glucose significantly induced mRNA expression levels of thioredoxin-interacting protein (TXNIP, p = 0.0001) and lipocalin 15 (LCN15, p = 0.0016) and reduced those of ATP-binding cassette, sub-family A member 1 (ABCA1, p = 0.0004), and iroquois homeobox 3 (IRX3, p = 0.0001).
Background
Consumption of high dietary glucose is a risk factor for the development of obesity and type 2 diabetes mellitus (T2DM) in humans [1, 2] . The total number of deaths attributable to high blood glucose in 2012 was estimated as 3.7 million, 1.5 million of which were due to diabetes [3] . High glucose intake leads to postprandial glycemia, insulinemia, and lipidemia in healthy overweight people [4] . Moreover, longer exposure to dietary high glucose is associated with the development of T2DM [5] . These findings indicate that control of dietary glucose intake is an important strategy to combat the development of obesity and T2DM. Recent studies have focused on the mechanisms controlling blood glucose turnover during obesity and T2DM. For example, sodium-dependent glucose transporter 1 (SGLT1) is a protein that has been targeted to control reabsorption of glucose from the kidney [6] . Moreover, hepatic glucose production from glycogen has been studied as a therapeutic target molecular pathway in the development of T2DM [7] . Glucose-dependent molecular mechanisms contributing to obesity and T2DM have been extensively studied in the adipose tissue, liver, pancreas, and brain. The small intestine may also be an important tissue to investigate glucose metabolism during obesity and T2DM, as it can contribute to systemic glucose production in fasted and diabetic states [8] . Moreover, the gene expression and morphology of the small intestine are altered during obesity [9] . These adaptive changes of the small intestine may be uncontrolled during high nutrient consumption and metabolic disease states. The small intestine mainly consists of enterocytes, which directly interact with dietary nutrients and transfer them into the circulatory system [10] . The rate of interaction between nutrients and enterocytes varies depending on the eating habits of individuals.
Recent studies suggest that there may be a physiological interaction between enterocytes and glucose that contributes to intestinal dietary glucose sensing [9, 11, 12] . In humans, high dietary glucose consumption elevates glucose levels in the lumen of the intestine and in the blood; hence, enterocytes are exposed to high levels of glucose in both the diet and the blood. This situation can be continuous in obese people, due to the consumption of foods containing high levels of glucose [13] . It is unknown how enterocytes respond to high glucose levels in either the diet or the blood. Hence, investigations to improve the understanding of the adaptive physiological changes of enterocytes in response to high glucose consumption are warranted. In this study, we examined the genome-wide molecular responses of enterocytes to high glucose. Our results demonstrate that chronic high glucose exposure influences specific molecular pathways and genes that may be important in the control of intestinal glucose absorption during high glucose consumption.
Results
Effect of high glucose on cellular tight junctions and measurement of glucose efflux
The monolayer structure formation and tight junction permeability of Caco-2 cells are commonly evaluated by measurement of transepithelial electrical resistance (TEER) along with OCLN and ZO1 gene mRNA levels [14, 15] . We grew Caco-2 cells in bicameral cell culture chambers to mimic the human intestine and measured TEER and OCLN and ZO1 mRNA expression levels to evaluate the intestinal barrier function of our experimental model. The TEER levels of control and high glucose-treated 21-day postconfluent Caco-2 cell groups were not significantly different (Table 1) and neither were OCLN and ZO1 mRNA levels significantly affected by high glucose treatment (Table 1) . These results demonstrate that high glucose did not interfere with barrier formation by monolayer Caco-2 cells.
The function of enterocytes involves absorption of dietary nutrients (nutrient uptake) and their transport into the blood circulation (nutrient efflux). We tested cellular glucose efflux under control and high glucose treatment conditions. Glucose efflux was significantly increased in the glucose-treated group relative to the controls at the 90-min (p = 0.0031; 1.4-fold), 120-min (p = 0.01; 1.4-fold), and 240-min (p = 0.0049; 1.9-fold) time points ( Table 2 ), suggesting that Caco-2 cells mimic the human intestine in terms of glucose efflux in our experimental model.
High glucose alters mRNA expression levels of glucoseregulated genes
Before genome-wide array analysis was performed, we tested whether high glucose affected the regulation of glucose-related genes in Caco-2 cells. Thus, we analyzed mRNA expression of GLUT2, GLUT5, and SGLT1. mRNA expression levels of GLUT2 (1.8-fold; p = 0.0001), GLUT5 (1.5-fold; p = 0.0004), and SGLT1 (1.4-fold; p = 0.0053) were significantly lower in the high glucose-treated group relative to the controls ( Table 3 ).
Classification of differentially expressed genes and confirmation of mRNA expression of genes from molecular pathways
Microarray technology was used to identify genes that were differentially expressed in experimental samples. When we compared the control and high glucose-treated groups, we identified a total of 297 and 382 genes that were significantly up-and downregulated, respectively (≥ 1.5-fold change; p < 0.05) in response to high glucose treatment. The list of high glucose-regulated genes is available under GEO accession number GSE97977 ( https://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?acc=GSE97977; Additional file 2: Table S2 and Additional file 3: Table S3 ). These genes were used to identify high glucose-regulated molecular pathways by DAVID bioinformatics program using KEGG Pathways database. The gene IDs were converted to DA-VID gene IDs that were associated with particular pathway annotation terms. The enrichment of molecular pathways was performed by Benjamini-Hochberg method, and p ≤ 0. 05 was used as a cutoff value in DAVID annotation model. Intracellular protein export (p = 0.0069) and ubiquitinmediated proteolysis (p = 0.024) pathways were identified as significantly induced, whereas glycolysis-gluconeogenesis (p < 0.0001), pentose phosphate (p = 0.0043), and fructosemannose metabolism (p = 0.013) pathways were significantly downregulated by high glucose treatment in Caco-2 cell monolayers after 21 days (Table 4 Figure  S4 , and Additional file 8: Figure S5 .
Quantitative reverse transcription polymerase chain reaction analysis of genes identified by microarray analysis
Genome-wide mRNA array technology provides valuable information about the genomic regulation of cells; however, technical procedures can affect microarray results [16] . Therefore, we performed RT-qPCR experiments to confirm the regulation of individual genes from the identified molecular pathways. In the intracellular protein export pathway, mRNA levels of SRP14 (1.4-fold; p = 0.002) and SRP54 (1.8-fold; p = 0.0003) and in the ubiquitin-mediated proteolysis pathway, mRNA levels of UBE2L6 (2-fold; p = 0.0007), UBE2Q2 (1.6-fold; p = 0.01), and SKP1 (1.5-fold; p = 0.03) were significantly increased in the high glucose-treated group compared with the controls (Table 5 ). However, RT-qPCR analysis of the SRP72 gene in the protein export pathway did not indicate similar regulation to that determined by microarray analysis. We also selected common genes from molecular pathways that were downregulated by high glucose treatment and found that mRNA levels of ALDOA (1.5-fold; p = 0.006), ALDH2 (2.8-fold; p = 0.01), PFKP (2.9-fold; p = 0.0002), PGAM1 (1.7-fold; p = 0.03), PGD (2.1-fold; p = 0.002), and PFKFB3 (4.3-fold; p = 0.003) were significantly reduced in pathways downregulated by high glucose treatment ( Table 5) .
Investigation of microarray data on glucose-regulated genes
We also searched our gene expression array data to find relevant candidate gene(s) that may be important in enterocyte glucose metabolism under high-glucose conditions. High glucose significantly induced levels of transcription of TXNIP (3.2-fold; p = 0.0001) and LCN15 
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Microarray data showed a total of 297 upregulated and 382 downregulated genes in response to high glucose treatment. The high glucose-regulated genes were subjected in DAVID bioinformatics analyze program to describe the functional molecular pathways along with the number of genes in each pathway (6-fold; p = 0.0016) genes whereas mRNA levels of ABCA1 (5.3-fold; p = 0.0004) and IRX3 (13-fold; p = 0.0001) were downregulated in the high glucose treatment group (Table 6 ).
Discussion
In this study, we used the established in vitro Caco-2 monolayer system to model the effects of high glucose exposure on intestinal enterocytes. The results of TEER measurement and evaluation of the expression of genes encoding the tight junction proteins, OCLN and ZO1, indicated that the cells successfully formed a monolayer barrier that was not disrupted by exposure to high glucose levels. Initial experiments to evaluate the effects of glucose on known glucose-regulated genes indicated that SGLT1, GLUT5, and GLUT2 were downregulated in response to high glucose exposure. The regulations of SGLT1 and GLUT5 genes in this paper are in contrast with Mahraoui et al. [17] . They reported that the glucose consumption of early (p29) or late (p198) passages of Caco-2 cells was different, and the mRNA regulations of SGLT1, GLUT5, and GLUT2 genes were affected by passage number of the cells and basal glucose consumption rate. Northern blot analysis from the same study indicated that 21-day high glucose (25 mM) treatment of Caco-2 cells can significantly induce SGLT1 and GLUT5 mRNA expression levels compared to low glucosetreated groups (1 mM). However, GLUT2 mRNA level was reduced by high glucose treatment, which we observed similar results for GLUT2 mRNA expression. There are different steps of experimental approaches between these two studies. We used polarized Caco-2 cells from 35 to 45 passages and maintained Caco-2 cells under high-glucose condition for longer time periods. Moreover, we compared mRNA expression results from 25 and 5.5 mM glucose treatment groups. It seems possible that these factors might affect the regulation of SGLT1 and GLUT5 genes. It has been shown that SGLT1 and GLUT2 mRNA expression levels were induced when glucose level was increased into the lumen of the intestine in in vivo [18, 19] . It has been indicated that intracellular and extracellular factors are involved in the regulations of glucose transporters [20, 21] . The different mRNA regulations of SGLT1 and GLUT2 in in vitro and in in vivo might be due to those factors that are not predominantly regulated in in vitro models under high glucose treatment. Despite these differences, we may at least conclude that high glucose influences the genetic responses of Caco-2 cells.
Several molecular pathways, including intracellular protein export and ubiquitin-mediated proteolysis (upregulated), along with glycolysis/gluconeogenesis, pentose phosphate, and fructose-mannose metabolism (downregulated), were identified as responsive to high glucose in our in vitro enterocyte model. Changes in these molecular pathways under high-glucose conditions should also be evaluated at the functional level to determine the physiological relevance of the findings of the current study to enterocyte glucose metabolism during high glucose treatment in vivo.
A search for genes of particular interest among those identified as regulated by elevated glucose using genome-wide microarray analysis detected several strong candidates, including ABCA1, IRX3, TNXIP, and LCN15. ABCA1 is involved in cellular cholesterol efflux and provides cholesterol to high-density lipoproteins (HDL). The intestine expresses high levels of ABCA1, indicating that this tissue is a major cholesterol source for plasma HDL; indeed, intestinal ABCA1 contributes 30% of circulating HDL cholesterol [22] . High dietary cholesterol intake in the intestine increases basolateral ABCA1 mRNA and protein levels in enterocytes [23] . However, high glucose reduces ABCA1 mRNA and protein levels in the macrophages, decreasing cholesterol flux from the macrophages to the blood; hence, glucose influences cholesterol metabolism via control of ABCA1 gene expression. Our results also demonstrate that high glucose can reduce ABCA1 mRNA expression levels in intestinal enterocytes, and levels of cholesterol efflux from the cells in our experimental model should be measured to allow definitive conclusions to be drawn from our results. Surprisingly, IRX mRNA expression was also regulated in Caco-2 cells under high glucose treatment, since IRX3 is highly expressed in the brain and involved in feeding behavior [24] . Single nucleotide polymorphisms in the IRX3 gene are reported as strongly associated with BMI in human subjects [24] . Moreover, IRX3 knockout mice had body weights approximately 30% less than their wild-type littermates [24] , suggesting that the IRX3 gene is closely related to obesity. Glucoseregulated IRX3 mRNA regulation was shown, for the first time in our study; however, the function of intestinal IRX3 is unknown, and regulation of IRX3 in the intestine under high glucose consumption requires further investigation. High glucose significantly induced mRNA levels of the TXNIP and LCN15 genes. TXNIP plays a role in glucose uptake and is involved in glucose production in the mouse liver [25, 26] . TXNIP-mutant mice become hypertriglyceridemic and hypoglycemic during fasting [27] . These observations suggest that TXNIP may be an important candidate intracellular regulator of enterocyte glucose metabolism. There is very limited information about LCN15 in the literature, and its physiological function is unknown; however, it is a member of the lipocalin gene family, of which LCN2 is a well-studied member involved in obesity and diabetes. LCN2, also known as an adipokine, is secreted from the adipose tissue, and its expression is elevated in obese humans and T2DM mouse models [28] . LCN2-null male mice are protected from high fat diet-induced obesity and insulin resistance [29] . It was concluded that LCN2 may be an adipose tissue regulator that modulates glucose metabolism in murine tissues and in the 3T3-L1 adipocyte cell culture model [30] . These studies clearly suggest that ABCA1, IRX3, TXNIP, and LCN15 may physiologically interact with high glucose in enterocytes. An important finding of the current study is that intestinal glucose absorption may be controlled via TXNIP and LCN15.
Conclusions
An important limitation of this study was the use of the colon carcinoma cell line, Caco-2, as a model of the human intestine. Although Caco-2 is a cancer cell line, it is established in the literature as an in vitro model of the human intestine system, and there are no alternative non-cancerous human cell lines that function similarly. The scope of this study was limited to enterocyte glucose metabolism gene regulation during high glucose treatment; therefore, the study findings should be interpreted with caution. However, the results provide valuable information regarding the molecular and genetic responses of enterocytes to high glucose levels, which is the main nutritional contributor to the development of obesity and T2DM. Studies of the intestine and obesity have largely focused on intestinal glucose sensing and reduced intestinal glucose absorption through delaying the breakdown of carbohydrates in enterocytes, while the mechanisms by which enterocytes respond to high glucose levels have not been investigated previously. Thus, the identification of candidate genes (for example, TXNIP) involved in the control of intestinal glucose absorption during high glucose consumption is important. Moreover, enterocytes exposed to high glucose may communicate, possibly via LCN15, with endocrine cells in the intestine or peripheral tissues. This screen of glucose-dependent genetic regulation in enterocytes has identified important target genes and will facilitate further investigation of the control of glucose metabolism in enterocytes during high glucose intake, which is a common cause of the progression of obesity and T2DM.
Methods

Culture of Caco-2 cells
The human colorectal adenocarcinoma epithelial cell line, Caco-2, was purchased from the American Type Culture Collection (ATCC, HTB-37). Caco-2 cells were maintained at 37°C in a 5% CO 2 The experiments were performed when Caco-2 cells were between passages 35 and 45.
Modeling of the human intestinal system and glucose treatment
When Caco-2 cells are grown in a bicameral cell culture system, they can polarize to produce apical and basolateral surfaces [32] , mimicking the human small intestine [33, 34] . Caco-2 cells (10 6 /cm 2 ) from the control and high glucose-treated groups were seeded on collagen-coated polytetrafluoroethylene membrane with 0.4-μm pore size and 1.12 cm 2 diameter (Corning, Cat. No.: 3493). After 3 days of confluent culture, the cells were grown for an additional 21 days in the bicameral cell culture system in the indicated DMEM media. Media were changed every 2 days during the 21-day experimental period. Transepithelial electrical resistance (TEER) was measured using an Epithelial Volt/ Ohm Meter (EVOM; World Precision Instruments, USA) to confirm polarization of the monolayer and cell integrity. The TEER value of polarized Caco-2 cells should be at least 250 Ω/cm 2 [34] .
Measurement of cellular glucose efflux
We measured glucose efflux to the basolateral surface of the Caco-2 cell monolayer to test the function of the small intestine model. After ctrl and +Glc Caco-2 cells had been cultured for 21 days, the apical surfaces of the polarized cell monolayers were maintained in DMEM containing 5. 5 and 25 mM (modeling high dietary glucose consumption) glucose; the basolateral surfaces of both experimental groups were incubated in DMEM containing 5.5 mM glucose. Samples were collected from the basolateral surfaces of the two experimental groups at 0-, 30-, 60-, 120-, 180-, and 240-min time points. The glucose levels on the basolateral surfaces of the monolayers were measured using a Glucose Oxidase Enzymatic Assay kit, according to the manufacturer's protocol (Sigma, Cat. No.: GAGO20). Data were normalized to total protein levels. Total proteins were extracted from cells using RIPA buffer [35] and their concentrations determined using a BCA protein assay kit (Pierce, Cat. No.: 23227).
RNA isolation and RT-qPCR
Total RNA was isolated using RNAzol reagent (MRC, Cat. No.: RN190), according to the manufacturer's protocol. Total RNA samples were dissolved in DEPC water, followed by measurement of their concentrations using a NanoDrop instrument (Thermofisher, MA, USA). Each RNA sample was separated into two aliquots for microarray analysis and RT-qPCR. Table S1 . The 2 −ΔΔCt analysis method was applied to calculate mean fold changes in mRNA levels [36] .
Genome-wide microarray analysis
The integrity of RNA samples from each group was assessed using an Agilent 2100 Bioanalyzer and RNA 6000 Nano reagent (Agilent). RNA samples were converted to cRNA using an Ambion Illumina Total Prep RNA Amplification Kit. cRNA samples were loaded onto a microarray (HumanHT-12 v4 Expression BeadChip) then left overnight for hybridization. Finally, the BeadChip was read and analyzed using a microarray laser reader. The significance of the mRNA expression between the control and the high glucose-treated groups was calculated Log 2 fold change of ± 1.5 with p < 0.05.
